Abstract. The underlying malignancy of mucinous cystic neoplasms (MCNs) of the pancreas most commonly results in patients undergoing surgery. The tumorigenesis of MCNs remains elusive and few studies have investigated the role of specific micro (mi)RNAs in MCNs. The present study focused on the expression of miRNA-224 and its putative target gene Jagged1 (Jag1) to examine its role in tumorigenesis and its suitability as a biomarker for MCNs. Paired tissue samples confirmed by surgical pathology were used to screen the miRNAs involved in MCNs with miRNA microarrays (n=3), and to verify the differentially expressed miRNAs (n=3) and mRNAs of candidate target genes of miRNAs by quantitative polymerase chain reaction (qPCR; n=8). Immunohistochemistry was conducted to confirm the expression and location of Jag1 in the neoplastic epithelial cells. Luciferase assays were performed to confirm the direct target gene of miRNA-224. miRNA microarray analysis revealed that two differentially expressed miRNAs were closely associated with tumorigenesis and pancreatic diseases. The qPCR results revealed that miRNA-224 was more significantly aberrantly expressed and the mRNA expression levels of its putative target gene, Jag1, were upregulated. Strong, diffuse cytoplasmic immunohistochemical labeling of Jag1 with occasional nuclear labeling was detected in the mucinous epithelium. Luciferase reporter activity was significantly reduced by co-transfected miRNA-224 mimics and pMIR-Jag1-wild-type, which suggested that miRNA-224 bound to recognition sites in the 3' untranslated region of its target mRNA, Jag1. In conclusion, miRNA-224 was downregulated in MCNs and may regulate tumorigenesis by targeting Jag1. Further studies investigating the role of miRNAs and functional analysis of epigenetic alterations are required to examine the diagnostic and therapeutic potential of miRNAs in MCNs.
Introduction
Mucinous cystic neoplasms (MCNs) of the pancreas are rare cystic tumors, 6~36% of which may progress to malignancy (1, 2) . The prevalence of MCN is considerably more frequent in females (9~20:1) (3, 4, 5) and the disease most commonly occurs between 40 and 50 years of age, with a mean age of 47 years (6) . Surgical resection may achieve satisfactory outcomes for non-invasive MCNs, while the five-year survival rate of invasive cancer is only 50~60% (5) . Various biomarkers, including carcinoembryonic antigen (CEA), carbohydrate antigen (CA)19-9, CA72-4, and molecular alterations of K-ras mutation obtained by endoscopic ultrasonography-guided fine needle aspirate from pancreatic cysts (7), may be inadequate as predictors of malignancy in MCNs. Patients most commonly undergo resections for evaluating the risk of malignancy.
Micro (mi)RNAs are short, non-coding RNAs that function as potent regulators of gene expression. Epigenetic alterations of miRNAs offer new approaches to the diagnosis and treatment of a variety of human diseases. The emerging roles of miRNAs as oncogenes or tumor suppressors in pancreatic cancer compared with chronic pancreatitis (8, 9) , pancreatic intraepithelial neoplasms (10) , intraductal papillary mucinous neoplasms (11) or normal pancreas (8) , including miRNA-21 (12, 13) , miRNA-34a (13) and miRNA-155 (14) . It is therefore valid to suggest that miRNA expression profiles and regulation mechanisms may also be involved in the tumorigenesis in MCNs. However, few epigenetic studies have been conducted investigating the miRNA expression profiles in this type of disease.
The aim of the present study was to screen aberrant gene expression in MCNs using miRNA microarrays, to validate the expression levels of candidate miRNAs using quantitative polymerase chain reaction (qPCR) and to confirm the target genes of miRNAs using bioinfomatics and luciferase assays.
Materials and methods
Tissues samples. Fresh tissues from pancreatic resections were obtained from eight female patients (25-67 years old; mean, 44 years) who underwent distal pancreatectomy at Changhai hospital between May 1st and December 31st, 2011 (Shanghai, China) and the corresponding adjacent normal tissues were collected for comparison. Written informed consent was obtained from the patients. The clinicopathological characteristics are summarized in Table I . All of the specimens were immediately stored in liquid nitrogen for RNA extraction prior to the confirmation of the histological types by the Department of Pathology (Changhai Hospital, Second Military Medical University, Shanghai, China). The eight MCNs included seven cystadenoma neoplasms and one borderline neoplasm. The use of the tissue samples for all of the experiments was approved by all the patients and by the Ethics Committee of Changhai Hospital (Shanghai, China).
RNA extraction and miRNA microarrays. miRNA isolation from tumors and corresponding adjacent normal tissues was performed with a mirVana TM RNA Isolation kit (Ambion, Austin, TX, USA), according to the manufacturer's instructions and stored at -80˚C prior to analysis. To determine the quality, miRNAs were further assessed using the Agilent 2100 bioanalyzer with the RNA 6000 Nano LabChip reagent set (Agilent Technologies, Santa Clara, CA, USA). Gene expression profiling was performed with Agilent's human miRNA microarrays version 16.0v (based on Sanger miRBase version 16.0, carrying 1347 human miRNAs and 142 human viral miRNAs; http://microrna.sanger.ac.uk). Each miRNA is represented by 40 probes on the array. A total of 100 ng of total RNA was dephosphorylated, labeled by ligation with one cyanine 3-pCp molecule to the 3' end of the RNA molecule and was hybridized on the miRNA microarray slides at 55˚C for 20 h. Following microarray washing, the sliders were scanned and detection of the labeled miRNAs on the microarrays was performed according to the instructions from Agilent Technologies. Scanner data files from miRNA microarrays were analyzed by GeneSpring GX9.0 (Agilent Technologies). The hybridization signals that failed to exceed the average background value by >2 standard deviations (SDs) were excluded from analysis.
Taqman probe-based qPCR analysis of miRNAs. miRNA expression changes identified by miRNA microarrays were confirmed by Taqman miRNA assays and normalization was performed with the small nuclear RNA U6 (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. miRNAs were isolated using the method described above. cDNAs were generated using an ABI 9700 PCR instrument (Applied Biosystems). qPCR was performed on a lightcycler 480 type II instrument (Roche Applied Science, Penzberg, Germany). qPCR was performed in triplicate and the relative expression was calculated by the 2 -∆∆Ct method. 
Bioinformatics of target identification.

SYBR Green-based qPCR analysis of mRNAs.
To detect the expression of the candidate mRNAs, reverse-transcription and qPCR amplification of isolated RNA were performed by using a PrimeScript 1st Strand cDNA Synthesis kit and SYBR Premix Ex Taq TM kit (Takara Bio, Inc., Shiga, Japan) according to the manufacturer's instructions. The specific primer sequence sets of mRNAs (15) for qPCR are summarized in Table II . GAPDH, 5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3' were used to normalize the data. cDNAs were generated using the GeneAmp 9700 PCR System (Applied Biosystems). qPCR was performed on a 7500HT Fast Real-Time PCR System (Applied Biosystems). qPCR was performed in triplicate, including no template controls. The relative expression was calculated by the 2 -∆∆Ct method and the data were analyzed with Real-Time StatMiner 7500 v.2.0.6 (Integromics, Granada, Spain).
Immunohistochemistry. The hematoxylin and eosin-stained slides from each of the cases were screened by light microscopy (OLYMPUS BX51; Olympus, Tokyo, Japan) for sections containing an MCN and adjacent normal pancreas tissue. Unstained 4-µm sections were then cut from the paraffin block selected for each case and deparaffinized by routine techniques. Next, the slides were treated with 1X sodium citrate buffer prior to steaming for 12 min at 80˚C. The slides were then cooled to incubate with a 1:50 dilution of polyclonal antibody to Jag1 protein (H-66 sc-11376; dilution, 1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and detected by diaminobenzidine staining.
Luciferase reporter assays. The full-length 3' UTR of Jag1-wild-type (WT) was amplifed from OVCR cells using the primers listed: Jag1 3'UTR-WT, sense 5'-GACTAGTTTGCTGACTTAGAATCCCTGTGTT-3' and antisense 5'-CCCAAGCTTGCCATACGCTTACAATG C T A T C A A -3 ' ; m u t a n t ( M u t ) 1 , s e n s e 5'-GACTAGTTTGCTGTCACAGAATCCCTGTGTT-3' a nd a nt isense ident ica l t o W T; M U T 2, sense 5'-GACTAGTCGATCACAAACGTCTGTATTATTTA-3' and antisense identical to WT. The nucleotides in bold indicate the conserved sequence of Jag1. The PCR products were gel-purified using the Zymoclean TM Gel DNA Recovery kit (Zymo Research, Irvine, CA, USA), cloned into pMD-18T vectors (Takara Bio, Inc.) and sequenced to ensure fidelity. Separate plasmids containing the Jag1 3'UTR with mutated seed regions for the predicted miRNA-224 binding sites were also constructed as negative controls. Following sequence verification, the WT or Mut Jag1 3'UTRs were ligated between the SpeI and HindIII restriction sites (SpeI GACTAGT; HindIII CCCAAGCTT) of the reporter plasmid pMIR-Report (Promega Corporation, Madison, WI, USA), which contained correctly oriented inserts (pMIR-Jag1-WT and pMIR-Jag1-Mut). A total of 1x10 5 cells/well were seeded onto 48-well plates on the day prior to transfection, then transfected with miRNA mimics or negative control as described above. The constructed pMIR-reporter vectors and internal control pRL-TK vectors were co-transfected into human embryonic kidney 293T cells by using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) together with miRNA mimics or negative transfection (cells not transfected with miRNA mimics). The 293T cell line was donated by Professor Shanrong Liu (Changhai Hospital, Second Military Medical University, Shanghai, China). The cells were grown in DMEM (Invitrogen Life Technologies) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies) and 1% antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin; Invitrogen Life Technologies), which were cultured at 37˚C in a 5% CO 2 atmosphere. The cell line was selected according to the study by Yao et al (16) and is commonly used for transfection. The luciferase reporter assay was performed using a Dual-Glo luciferase assay kit (Promega Corporation) following the manufacturer's instructions.
Statistical analysis. Statistical analyses were performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). Limma was used to analyze miRNA microarray data since it was suitable for small samples. The differences between the experimental and control groups were analyzed by paired samples test or non-parametric test (Wilcoxon test) as appropriate. Luciferase reporter assay data are expressed as the mean ± standard deviation of quadruplicate determinations. P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of miRNAs differentially expressed in MCNs.
A total of three paired samples of MCNs with their corresponding adjacent normal tissues (NT) were qualified for miRNA microarray analysis. Two samples were cystadenoma and the remaining was borderline. miRNA-197 and miRNA-224 were at least two-fold downregulated in MCNs vs. NT as indicated by miRNA microarrays (Limma test; Table III) . Next, the qPCR results confirmed the microarray data (paired sample test, P=0.351; Fig. 1 ). Following the assessment of two miRNAs, miRNA-224 was selected to explore its function, as it was more significantly downregulated and it was reported that miRNA-224 targeted Smad4 (16), which had previously Figure 3 . mRNA expression levels of paired samples of (A) Jag1 (P=0.093), (B) L1CAM (P=0.484) and (C) SMAD4 (P=0.03) are demonstrated (non-parametric test, n=8). Jag1 was upregulated and the median relative expression levels of the neoplasms (16.337) were notably higher than those of the normal controls (2.843), although P>0.05. L1CAM and SMAD4 were downregulated, contrary to the hypothesis of this study. Jag1, Jagged1; L1CAM, cell adhesion molecule L1. (17) and shown to be involved in invasive adenocarcinoma of the pancreas (18) .
miRNA-224 may be associated with tumorigenesis in MCNs
by regulating Jag1. The present study focused on potential mRNA targets of miRNA-224 and selected Jag1, L1CAM and SMAD4 (putative binding site in miRanda; Fig. 2 ) as the candidate genes by bioinformatics, according to the results that their mRNA was overexpressed in MCNs according to a study by Fukushima et al (15) . These putative target mRNAs were also found distributed in the Notch/Wnt (19), nuclear factor-κB (20) and transforming growth factor (21) signaling pathways, which were correlated with pancreatic diseases (22) , tumorigenesis and tumor progression (23) (24) (25) . The present study then focused more on Jag1 expression, as its mRNA levels were upregulated in tumor tissues as compared with normal tissue samples according to qPCR analysis (non-parametric test, P=0.093; Fig. 3A) , while L1CAM (P=0.484; Fig. 3B ) and SMAD4 (P=0.03; Fig. 3C ) were downregulated. Furthermore, it was identified that Jag1 protein expression was markedly upregulated in the cytoplasm and nucleus of neoplastic epithelium (Fig. 4) . No detectable stroma labeling was observed according to the images. This suggested that Jag1 may have an important role in the tumorigenesis of MCNs. It was hypothesized that the upregulation of Jag1 may be due to the post-transcriptional regulation of miRNA-224 according to their negative correlation and immunohistochemical staining miRNA-224 target Jag1 mRNA 3'UTR confirmed by luciferase reporter assays. To confirm the hypothesis of miRNA-224 targeting the 3'UTR of Jag1 and therefore regulating Jag1 expression, the miRNA-224 binding sequence present at the 3'UTR of Jag1 mRNA (WT-3'UTR) or its Mut (Mut-3'UTR) was cloned downstream of the firely luciferase reporter gene and co-transfected with miRNA-224 mimics or miRNA-135 mimics into 293T cells. Relative luciferase activity was significantly reduced by miRNA-224 mimics, but not by miRNA-135 (Fig. 5) . Furthermore, when the miRNA-224 mimics were co-transfected, the relative luciferase activity of a reporter containing WT-3'UTR was significantly suppressed by 38% (P<0.005) compared with that of a reporter containing Mut-3'UTR, which was unaffected by simultaneous transfections with the negative control. This result was reproducible in the additional two independent experiments, suggesting that miRNA-224 targets the miRNA-224 binding sequence at the 3'UTR of Jag1.
Discussion
It has been reported that miRNA-224 is upregulated in a variety of tumor types (18, 26) and effects cell invasion, migration and proliferation, resulting in the dysregulation of cellular processes that ultimately lead to tumorigenesis. However, miRNA-224 was downregulated in the present study and may have a role as a dynamic regulator (27) in MCNs. Whether its dysregulation is consistent with the function as an oncogene or tumor-suppressor remains elusive. Next, Jag1 was selected as a candidate gene by focusing on bioinformatics and the mRNA microarray results of MCNs (15) .
The qPCR results analyzing the mRNA expression levels of Jag1 were in accordance with the mRNA microarrays, which indicated a negative correlation between miRNA-224 and Jag1, and the immunohistochemical staining also indicated that Jag1 expression may have a role in MCNs. To validate the function of these miRNAs, the mimics or pre-miRNAs were transfected into an MCN cell line and the resulting changes in the mRNA and protein expression of Jag1 were then detected. However, with MCN cell lines being unavailable, it was not possible to observe the epigenomic changes of overexpression or inhibition of miRNA-224 or Jag1 directly. The attempt to establish the MCC1 cell line using the method described previously by Sorio et al (28) was unsuccessful, and therefore, further studies are required to examine the validity of these results using this technique.
Jag1 has a genomic location in chromosome 20p12.1-p11.23 and is involved in the notch/Wnt signal pathway (29) . The present study demonstrated that there was a correlation between Jag1 protein expression and neoplastic epithelium, although the direct evidence was not obtained from an MCN cell line. Prior to experimentation, several studies were retrospectively reviewed, including those investigating miRNAs targeting the Jag1 3'UTR, such as miRNA-21, as an oncomir, which decreased Jag1 expression levels in MCF-7 breast cancer cells (30) ; miRNA-34a, as a known tumor suppressor gene, inhibited abnormal cell growth through regulation of the Notch pathway in cervical carcinoma and choriocarcinoma cells (31); miRNA-200c and miRNA-141 directly inhibited Jag1, impeding the proliferation of human metastatic prostate cancer cells (32) and coordinated the upregulation of Jag1 and zinc finger E-box binding homolog 1, associated with reduced miRNA-200 expression in the aggressive pancreatic adenocarcinoma and basal type of breast cancer (33) . The correlation between these miRNAs and Jag1 demonstrated that miRNAs operate in a highly complex regulatory network. Next, it was identified that the function of the Jag1 protein in tumorigenesis was contradictory to other studies. Ban et al (34) demonstrated that the activation of the Notch signaling pathway had tumor suppressive-like effects, leading to nuclear accumulation of p53 activation and cell cycle arrest in Ewing's sarcoma family of tumors. Sasaki et al (35) identified a specific binding site for the p63 protein, which was a suppressor gene p53 family member, in the second intron of the Jag1 gene and demonstrated that p63 may activate Notch signaling. The high expression levels of Jag1 mRNA and protein expression were indicative of a poor patient outcome in breast cancer (36) . Notably, Jag1 acts as an inhibitor of Notch signaling during embryonic pancreas development, but an activator of Notch signaling postnatally (37) . Focusing on pancreatic disease, it was noted that Jag1 was implicated in epithelial-mesenchymal transition (38) , ductal malformation and pancreatitis (39). In MCNs, Jag1 was upregulated by 4.8-fold in the neoplasmic tissues vs. the non-neoplasmic tissues (40) , and therefore, the present study focused on Jag1 and examined its potential correlation with miRNA-224 by a luciferase reporter assay. To examine this hypothesis, miRNA-224/miRNA-135 mimics and pMIR-Jag1-WT/Mut1/Mut2 were co-transfected into 293T cells, and the luciferase activity of the reporter containing WT-3'UTR was significantly suppressed compared with the samples transfected with the other vectors. However, the function of endogenic miRNA-224 was not verified in MCNs as is mentioned above.
However, MCNs are relatively uncommon neoplasms compared with pancreatic cancer and the small number of tumors examined, to some extent, affected the data. Besides, without laser capture microdissection (41) , tissue-specific miRNAs should be distinguished between the neoplastic epithelial cells originating in the duct and stroma cells. Selecting the control sample was another problem that could not be neglected, as normal tissues of the pancreas not belonging to the same person were selected in several studies. Neoplasms vs. adjacent normal tissues (42, 43) , compared with neoplasms vs. normal pancreata (8) , appear to be more reasonable, since it eliminates the individual differences in the present study.
In conclusion, it was firstly demonstrated that miRNA-224 was downregulated in MCNs using microarrays and qPCR, and Jag1, which were confirmed that expressed in the neoplastic tissues, was one of its target genes, as determined by luciferase assay results. The results also indicated that miRNAs may be implicated in tumorigenesis and the tumor progression of MCNs. However, further studies are required to validate the function of both miRNA-224 and Jag1 in MCNs in established MCN cell lines.
